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Morera, M. T., Echeverría, J. C. and Garrido, J. J. 2001. Mobility of heavy metals in soils amended with sewage sludge. Can.
J. Soil Sci. 81: 405–414. Sewage sludges added to arable land can improve soil fertility and physical properties. However, the 
concentrations of heavy metals commonly found in sludges limits their application to soil. The purpose of this paper is to 
evaluate the mobility of heavy metals (Cd, Cu, Ni, Pb and Zn) in four soils amended with different rates (0, 80, 60 and 320 t ha–1)
of anaerobically stabilized urban sewage sludge. Total metal content in the sewage sludge was Zn >> Cu > Pb > Ni >> Cd. Sludge,
soils and sludge-soil mixtures were fractionated by the Tessier sequential extraction procedure. The fractions extracted by
H2O2/HNO3 and NH2OH.HCl were the most abundant pools for metals under study. The apparent mobility of metals in the sludge
was Zn ≈ Cd ≈ Ni > Pb > Cu. The addition of sewage sludge in soils increased the percentages of metal extracted in non-residual
fractions. ANOVA showed that the most significant increases were those of Zn, followed by Cu and Pb; there were no statistical
differences (P < 0.05) for Ni and Cd. Exchangeable Zn from sludge was immobilized in basic soils. The other trace metals showed
no fraction redistribution. The soils and sludge-treated soil samples were also extracted with EDTA and DTPA. Extraction with
EDTA was more sensitive to soil type, whereas extraction with DTPA showed wider variation with metals. Both chelates seemed
to be more effective to assess the mobility of metals added with the sludges at low concentrations than the Tessier’s chemical 
partitioning.
Key words: Soils, sewage sludge, heavy metals, mobility
Morera, M. T., Echeverría, J. C. et Garrido, J. J. 2001. Mobilité des métaux lourds dans les sols amendés avec des boues usées.
Can. J. Soil Sci. 81: 405–414. L’addition de boues usées aux terres arables peut améliorer la fertilité et les propriétés physiques du
sol. La concentration de métaux lourds dans les boues restreint toutefois une telle application. Les auteurs ont évalué la mobilité
des métaux lourds (Cd, Cu, Ni, Pb et Zn) dans quatre sols auxquels avait été ajoutée une quantité variable (0,80, 60 et 320 t ha–1)
de boues usées urbaines stabilisées en anaérobiose. La concentration totale de métaux dans la boue était de
Zn >> Cu > Pb > Ni >> Cd. La boue, le sol et le mélange sol-boue ont été fractionnés par la technique d’extraction séquentielle
de Tessier. Les fractions obtenues par extraction dans H2O2/HNO3 et NH2OH.HCl contenaient la plus grande quantité de métaux
de toutes les fractions examinées. La mobilité apparente des métaux dans la boue correspond à Zn ≈ Cd ≈ Ni > Pb > Cu. L’addition
de boues usées au sol augmente la proportion de métal extrait des fractions non résiduelles. L’analyse de la variance révèle que
c’est la concentration de Zn qui connaît la hausse la plus importante, le Cu et le Pb arrivant en second; les auteurs n’ont relevé
aucune variation statistiquement significative (P < 0,05) pour le Ni et le Cd. Les ions Zn échangeables présents dans la boue sont
immobilisés dans les sols basiques. Il n’y a pas redistribution des autres métaux à l’état de trace dans les fractions. On a aussi
extrait les métaux présents dans le sol et le mélange sol-boue avec de l’EDTA et du DTPA. L’extraction à l’EDTA varie plus avec
le type de sol tandis que celle au DTPA varie plus avec le métal. Les deux chélates semblent donner de meilleurs résultats que la
méthode de fractionnement chimique de Tessier quand il s’agit d’évaluer la mobilité des métaux en faible concentration dans les
boues.
Mots clés: Sols, boues usées, métaux lourds, mobilité
The use of sewage sludge as an organic amendment in agri-
culture is a widespread practice in many countries. Sewage
sludges disposed of on arable land improve the fertility and
physical properties of the soil. However, the high concen-
trations of heavy metals, commonly found in sludges, limit
their application on land (Alloway 1995). Mobility, envi-
ronmental diffusion and bioavailability of heavy metals pre-
sent in the sewage sludge largely depend on soil
physico-chemical characteristics and, likewise, on trace
metal chemical forms (Obrador et al. 1998).
Several soil-related factors, namely pH, organic matter,
Mn and Fe oxides, and clay content determine the chemical
associations of heavy metals and their availability to plants
(Narwal and Singh 1998). Among these factors, pH has
been regarded as a major variable regulating the metal
mobility in soils (Heckman et al. 1987). The sorption and
the precipitation of heavy metals are enhanced by increasing
soil pH (Kiekens 1984; Alloway and Jackson 1991). These
processes help to explain the decreased mobility normally
found in soils with a basic pH. 
Sequential extractions have been used to fractionate
heavy metals in sludge (McGrath and Cegarra 1992;
Petruzzelli et al. 1994) or sludge-amended soils to investi-
gate their chemical distribution among the solid fractions
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(Emmerich et al. 1982; McGrath and Cegarra 1992) and,
indirectly, their mobility and plant availability (Dudka and
Chlopecka 1990; Sims and Kline 1991; Tsadilas et al.
1995). Despite uncertainties related to the selectivity of the
various extractants and to potential problems due to re-
adsorption, sequential extraction procedures provide
detailed information about the status of trace metals in soils
(Pickering 1986; Echeverría et al. 1998). A procedure used
extensively in soils and sediments is that of Tessier et al.
(1979), which is based on five operationally defined frac-
tions: exchangeable, carbonate, Fe-Mn oxides, organic, and
residual. The exchangeable fraction is considered to be the
most plant-available form (Petruzzelli 1989; Xian and
Shokohifard 1989; Shuman 1991), whereas metals extracted
in the residual fraction are considered to be less mobile and
available in the short to a medium term (Brümer 1986).
Application of sewage sludge to soil may alter heavy metal
content in the fractions and enhance chemical forms poten-
tially available (Pengxing et al. 1997).
Single chemical extractions with synthetic chelating
agents such as ethylene diamine tetraacetic acid (EDTA)
and diethylene triamine pentaacetic acid (DTPA) have
been widely used to study relationships between metals in
plants and soils. Single extractions are less time consuming
than sequential extractions. They have been used as an alter-
native to sequential extractions in routine tests to evaluate
plant availability and mobility of heavy metals in soils
amended with sewage sludge (Lebourg et al. 1996). These
extractants usually aim to extract the fractions that are
water-soluble, easily exchangeable, and some of the organ-
ic bound metals, although they can also dissolve some of the
carbonates and oxyhydroxides (Pickering 1986). The effi-
ciency of these extractants is usually measured in terms of
their ability to extract an amount of metal that correlates
well with the plant content. Correlations vary according to
the analyzed metal, soil and experimental conditions (Kuo
1990; Juste and Tauzin 1992). The metal ions extracted are
not necessarily the same as the ions absorbed by the plant.
They are only related by a satisfactory empirical relation-
ship allowing for a rough prediction of the mobility of the
metal.
The purpose of this study was to investigate the mobility
of sludge-borne heavy metals added to four soils with dif-
ferent physico-chemical properties. In order to enhance
these effects, sewage sludge was applied at rates (80, 160
and 320 t ha–1) up to the maximum limit values established
by the Spanish (R.D. 13110/1990) and European
Community (86/278/EEC). Trace elements were sequential-
ly extracted using the Tessier procedure from sludge, soils
and sludge-treated soil samples. The soils and sludge-treat-
ed soil samples were also extracted with two solutions stan-
dardized for predicting plant availability, which include
EDTA (pH 4.65) and DTPA (pH 7.30).
MATERIALS AND METHODS
Soils and Sewage Sludge
The four soil samples used in this study were collected in
Navarra (Spain). According to soil taxonomy (Soil Survey
Staff 1975), the soils were Lithic Haplumbrept (Lh),
Calcixerollic Xerochrept (Cx1 and Cx2), and Paralithic
Xerorthent (Px). Calcixerollic Xerochrepts (Cx1 and Cx2)
and Px were agricultural soils, whereas Lh was uncultivated
(Echeverría et al. 1998, 1999a). Samples from the top 15 cm
soil layer were air-dried, ground, and sieved through a 
2-mm mesh before determining specifics soils properties:
(1) particle-size distribution by fractionation using wet siev-
ing and sedimentation (Primo Yúfera and Carrasco Dorriens
1987); (2) mineralogical composition of clay fraction by a
Siemens D500 X-ray diffractometer; (3) total amount of
carbon and nitrogen by using a Carlo Erba EA 1108 ele-
mental analyzer; (4) inorganic carbon (Loeppert et al. 1984);
(5) pH (McLean 1982); (6) cation-exchange capacity
(CEC) by Ca2+ saturation, displacement by 1 M sodium
acetate and measurement of Ca2+ ions by atomic absorption
spectroscopy (Jackson 1982); and (7) surface area by N2 gas
adsorption at 77 K (Echeverría et al. 1999b). Selected phys-
ical and chemical characteristics of soils are presented in
Table 1. With the exception of the Lh soil, which is acidic
and has a large organic C content, the other three soils had a
basic pH, and contained a moderate or small percentage of
organic C. The CEC values were similar to those found in
references for illite (10–40 meq 100 g–1) (Tan 1982;
Alloway 1990), which was the most abundant phyllosilicate
in soils under study. The BET surface area obtained from N2
adsorption at 77 K of the soils ranged from 8 m2 g–1 for Lh
to 50 m2 g–1 for Cx1.
The sludge was collected from the wastewater treatment
plant of Arazuri that receives domestic and industrial water
from Pamplona (Spain). It was a primary anaerobically
digested sludge. Chemical properties of sewage sludge and
total concentration, of Cd, Cu, Ni, Pb and Zn are presented
in Table 2. The largest concentration was that of Zn fol-
lowed by Cu, Pb, Ni and Cd. These concentrations are usu-
ally found in sludges with low inputs in industrial sewage,
and were far below the Spanish and European Community
limit values for agricultural use.
Soils Treatment with Sewage Sludge
Subsamples of each air-dried sieved (< 2 mm) soil were
thoroughly mixed with the air-dried ground homogenized
sludge in pots to produce mixtures equivalent in the field to
application rates of 0 (reference), 80, 160 and 320 t ha–1.
Assuming an incorporation depth of 30 cm, the doses of
sewage sludge, equivalent to 0, 80, 160 and 320 t ha–1 were
0; 0.027; 0.053; and 0.107 g dry weight cm–3, respectively.
These high application rates were an extreme treatment that
would not be recommended in agricultural practice.
Considering the concentration of metals in the sewage
sludge, an annual dose of 80 t ha–1 would be higher than the
annual threshold for Zn according to Spanish and CEE reg-
ulations for the use of sewage sludge as soil amendment.
The maximum amount of sewage sludge that could be added
to the soils without going beyond the annual limit for Zn
would be 56 t ha–1. The soil-sludge samples were left to set-
tle at field temperature for a month by periodically adding
distilled water to keep moisture near field capacity. For each
treatment, an integrated sample was prepared by mixing
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three portions taken from the surface, middle and bottom
parts of the pots. These integrated samples were air-dried
and crushed again to pass a 2-mm sieve prior to determining
pH and studying the mobility of heavy metals by chemical
extractions. Amendment with sewage sludge increased pH
of Lh soil by one unit after the application of 320 t of
sewage sludge ha–1, but did not alter the pH of alkaline soils
(Cx1, Cx2 y Px).
Metal Extraction Experiments
The metal distribution in sewage sludge and soil sub-sam-
ples from each treatment was assessed by the sequential
extraction procedure of Tessier et al. (1979). The steps in
the sequence were operationally defined in terms of the tar-
geted forms as follows (Kim and Fergusson 1991): Fraction
1, exchangeable-weakly sorbed (8 mL, 1 M MgCl2);
Fraction 2, sorbed and/or carbonate bound (8 mL, 1 M
NaOAc/HOAc, pH 5.0); Fraction 3, strongly sorbed to
organic matter and/or strongly bound to easily reducible
manganese oxides and amorphous iron oxides (20 mL,
0.04 M NH2OH.HCl in 25% acetic acid); Fraction 4, very
strongly bound or incorporated into organic matter or other
oxidizable species (8 mL, H2O2 30% + 3 mL, 0.02 M
HNO3); Fraction 5, incorporated within resistant minerals(20 mL, HF 40%+4 mL, HClO4 70%). Suspensions were
centrifuged at 3000 rpm for 10 min. Aliquots from the
supernatants were removed, diluted up to 50 mL with dis-
tilled-deionized water and stored in polyethylene bottles to
which 0.10 mL of HNO3 (70%) were added for sample
preservation. The rest of the extract was discarded and the
residue was washed with 8 mL of distilled-deionized water;
after centrifugation, the wash solution was discarded.
Extractable metal concentrations in soil subsamples from
each treatment were also determined using EDTA and
DTPA. In the EDTA extraction (Lakanen and Erviö 1971),
3 g of soil were extracted with 30 mL of 0.02 M EDTA +
0.5 M NH4OAc (pH 4.65) for 1 h. In the DTPA extraction(Lindsay and Norvell 1978) 15 g of soil were extracted with
30 mL of 0.005 M DTPA + 0.1 M TEA (trietanolamine) +
0.01 M CaCl2 (pH 7.30) for 2 h. The suspensions were
placed in a thermostated water bath (Grant model SS40-2) at
298.0 ± 0.2 K, and shaken at 3 Hz. After the specified time
for each extraction, suspensions were centrifuged at 3000
rpm for 10 min and the supernatants, acidified with 0.10 mL
of HNO3 (70%), were stored in polyethylene bottles for
metal determination.
For each sample, sequential extraction and extractions
with EDTA and DTPA were conducted in triplicate.
Standards for all metals analyzed were prepared for each
extraction in the same matrix as the extracting reagent to
minimize matrix effects. Metal concentrations were deter-
mined by atomic absorption spectrophotometry (Perkin-
Elmer mod. 2100). To determine total metal concentration
in soils and sewage sludge triplicate sub-samples (1 g dry
wt) were digested using the same procedure as that used for
the residual fraction (Tessier et al. 1979). 
Statistical Analysis
Sewage sludge treatment effects on content and mobility of
heavy metals in soils were analyzed using variance analyses
(ANOVA) based upon a design with three replications
Table 1. Selected physical and chemical characteristics of soils
Lithic Calcixerollic Calcixerollic Paralithic 
haplumbrept xerochrept xerochrept xerorthent 
(Lh) (Cx1) (Cx2) (Px)
Particle size (g kg–1)
>50 (m m) 361 215 499 27
50–2 (m m) 408 410 291 579
<2 (m m) 231 375 210 394
Textural class Loam Clay loam Loam Silty clay
Main clay mineralsz I I M, C, I I
Total C (g kg–1) 108 15 45 56
Inorganic C (g kg–1) 2 7 23 51
Organic Cy (g kg–1) 106 8 22 5
Total N (g kg–1) 4.5 2 1.3 1.8
pH (saturated paste) 5 7.2 7.9 8.1
Cationic exchange capacity (meq 100 g–1) 17.3 23.9 10.7 14.8
Surface area (BET)x (m2 g–1) 8 50 30 25
zI = illite, M = montmorillonite, C = chlorite.
yObtained by difference.
xAdsorption of N2 at 77 K.
Table 2. Chemical characteristics of sewage sludge
pH 7.3
C/N rate 10.5
Dry matter (%) 31.7
Fertilizing elements (%)
Organic carbon 22.6
Inorganic carbon 0.5
Total nitrogen 2.2
Potassium (K2O) 0.2
Phosphorous (P2O5) 3.5
Heavy metals (mg kg–1 dry weight)
Cd 3
Cu 325
Ni 95
Pb 201
Zn 1503
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(Winer et al. 1991). A probability level of P < 0.05 was
selected to establish statistical significance. We applied a
multifactorial ANOVA to the percentages obtained from the
Tessier fractions to evaluate the contribution to the total
variance of sewage sludge rates (0, 80, 160, 320 t ha–1), met-
als (Cd, Cu, Ni, Pb and Zn), soils (Cx1, Cx2, Px and Lh) and
fractions (exchangeable, carbonates, oxides and organic
matter). Similarly, we applied a multifactorial ANOVA to
the percentages of metals extracted with EDTA and DTPA,
including sewage sludge rates, metals and soils. SPSS
Advanced Statistics 6.1 was used for this purpose.
RESULTS AND DISCUSSION
Heavy Metal Distribution in Sewage Sludge
Figure 1 shows, in percentages, the distribution of the chem-
ical forms of Cd, Cu, Ni, Pb and Zn in the sewage sludge.
The total percentage recoveries of metals extracted were Cd,
100; Cu, 99; Ni, 102; Pb, 91; and Zn, 93. The Fig. 1 reflects
the predominance of the fractions extracted by H2O2/HNO3(organic matter) and NH2OH.HCl (Fe and Mn oxides), with
some differences among the metals. Copper and Pb were
extracted mainly by H2O2/HNO3 (87.2% and 70.6%,
respectively); these results are consistent with the known
affinity of copper and lead for organic ligands (Taylor et al.
1995). Copper appeared in somewhat more resistant chemi-
cal forms than Pb, since percentage of these metals released
by NH2OH.HCl were 0.7% for Cu and 15.1 for Pb.
However, most of the Zn and Cd were extracted with
hydroxylamine hydrochloride (61.3% and 52%, respective-
ly). The findings for Ni were somewhere in between the
other two groups, with similar percentages for H2O2/HNO3(32%) and NH2OH.HCl (30.3%) fractions. More than 10%
of Ni, Zn and Cd were found in easily mobilizable forms
(exchangeable and NaOAc/HOAc extracted). Bearing in
mind that fractions are extracted according to a gradient of
association stability with the solid phases (Martin et al.
1987), and that extractability decreases roughly according to
the order of extraction (Harrison 1981); mobility of metals
in the sludge was as follows: Zn ≈ Cd ≈ Ni > Pb > Cu.
Since the sum of the amounts of Cd, Cu, Ni, Pb and Zn
extracted by NH2OH.HCl (918 mg kg–1) was larger than the
total Fe and Mn content released in that fraction (881 mg
kg–1), it is highly unlikely that the metals extracted in this
fraction were exclusively associated with Fe and Mn oxides.
According to Kim and Fergusson (1991) some of the metals
released in the oxide fraction are metals strongly sorbed to
organic matter which were not extracted in previous frac-
tions. Therefore, partitioning would reflect not only the con-
tribution of geochemical phases, but also the diversity of
reactive groups generated by the variety of active function-
al groups found in sludge organic matter and the different
reactivity of metals.
Effects of Sewage Sludge Application on Total
Content and Distribution of Heavy Metals in Soils
Total concentration of Cd, Cu, Ni, Pb and Zn in soils fol-
lowing application rates of 0 (reference), 80, 160 and 320 t
ha–1 of sewage sludge are included in Fig. 2. In control soils
(0 t ha–1) the total concentration of heavy metals was with-
in the range of the most frequent values for natural soils
(Adriano 1986; Kabata-Pendias and Pendias 1993). In gen-
eral, the largest concentration corresponded to Lh, a soil
derived from ophites. Amendment with sewage sludge
increased the total concentration of Cu, Pb and Zn in soils.
The rise reflected the sludge metallic content (Table 2) and
the doses applied. The biggest increases corresponded to Zn,
followed by Cu and Pb; there were no significant differ-
ences (P < 0.05) in the total concentration of Ni and Cd after
the addition of sludge.
The metal distribution in the five fractions of the Tessier
procedure corresponding to the sewage sludge-amended
Fig. 1. Mean percentages of Cd, Cu, Ni, Pb and
Zn in the Tessier partitioning of sewage sludge.
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soils differed according to the application rates, the metal
extracted, and soil considered. On applying a multifactorial
analysis of variance to all results, a positive correlation (r2 =
0.91) was detected between sludge application rate and the
overall mean percentage of metals extracted in non residual
fractions, ranging from 35.4% for 0 t ha–1 dose to 43.3% for
320 t ha–1 (Table 3). The application of sewage sludge pro-
vided a source of heavy metals and enriched the soils in rel-
atively mobile and available forms (Pengxing et al. 1997).
The mean percentages released in the non-residuals frac-
tions, including the results of the four soils and five metals,
showed greater rises for NH2OH.HCl, H2O2/HNO3, and
NaOAc/HOAc extractions than for exchangeable fraction
(Table 3). The dissolution and consequently the mobility
and bioavailability of metals added with sewage sludge are
controlled mainly by organic matter and oxides that act as
principal adsorbents and can prevent excessive mobilisation
of heavy metals (McBride 1995). Soil carbonates decrease
the availability of metals more for their effect on soil pH
than for their adsorption capacity.
Table 3 shows that the increase in the overall mean per-
centage for metals extracted in the non residual fractions
was brought about by Zn, Cu and Pb, but not by Ni and Cd,
which is consistent with the metal level in the sewage
sludge. The effect of the application doses on the four soils
Fig. 2. Total concentra-
tion of metals in soils
amended with sewage
sludge. The results are
the average concentra-
tion of three replicates
and include the standard 
deviation.
Table 3. Mean percentages of metals extracted in the non residual frac-
tions following different sewage doses
Applied sewage sludge
0.0 80.0 160.0 320.0
(t ha–1)
Fractionsz
Exchangeable y 0.2 0.2 0.1
Carbonates 1.9 2.7 3.1 3.4
Fe-Mn oxides 26.1 28.0 27.8 30.0
Organic matter 7.4 8.6 8.8 9.8
Metalsx
Cd 13.7 14.1 13.3 13.3
Cu 5.1 5.8 6.0 6.7
Ni 6.4 6.8 6.2 6.6
Pb 14.6 15.2 15.2 15.6
Zn 4.6 7.4 9.1 11.7
Soilsw
Lh 7.2 8.8 9.1 10.0
Cx1 6.7 7.0 7.4 8.7
Cx2 12.2 13.1 13.1 13.2
Px 9.5 9.5 10.2 11.6
zAverage values including all studied metals and soils.
yNo detected.
xAverage percentages extracted in the four non residual fractions of the
four soils.
wAverage percentages extracted in the four non residual fractions of the
five metals.
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was slightly higher in the Lh soil than in the other three
(Cx1, Cx2 and Px) because the apparent density of the Lh
(0.58 g cm–3) was lower than that of Cx1 (1.05 g cm–3), Cx2
(1.14 g cm–3) and Px (1.19 g cm–3) soils; in the Lh soil the
same sludge dose, in terms of t ha–1, gave rise to a larger
sludge/soil mass rate. The pH increase by almost one unit in
the Lh soil following the addition of 320 t of sludge ha–1
favoured the retention of metals, and therefore, the total
average percentage of metal extracted was less than 
expected.
The global trends observed after applying a multifactori-
al ANOVA (Table 3) are depicted in detail in Figs. 3–5,
which show the average concentrations of Zn, Pb and Cu
extracted in the Tessier fractions of soils following applica-
tion rates of 0, 80, 160 and 320 t ha–1. In comparison with
the control soils, sewage sludge addition statistically
increased (P < 0.05) the concentration of Zn extracted by
NH2OH.HCl, NaOAc/HOAc and H2O2/HNO3 (Fig. 3); the
largest increases took place in oxides. As the Zn was most-
ly oxide-bound in sewage sludge (Fig. 1), its application to
the soils increased the percentage of the reducible fraction
(Fig. 3). There was no significant change in the Zn content
extracted from the residual fraction. Exchangeable Zn was
detected only in soil-sludge mixtures from the acidic soil
(Lh), and was always below 2.5% of the total extracted in
the five fractions. In Px, Cx1 and Cx2 soils immobilisation
of the exchangeable Zn from sludge took place. It was
attributed to the basic pH and the buffering capacity of soils
as a consequence of the presence of calcium carbonate (Px,
40%; Cx2, 19%; Cx1, 6%). On the contrary, acidity and the
scarcity of carbonates in the Lh soil favoured the release of
Zn from sludge (Parveen et al. 1994).
The only significant increase (P < 0.05) in the Cu con-
centration extracted following sludge application to soils
corresponded to the fraction extracted by H2O2/HNO3(Fig. 4); there were no significant differences in the concen-
tration obtained in the NH2OH.HCl and residual fractions.
The copper profile reflected its distribution in the sludge and
in the soils control (0 t ha–1), and no Cu redistribution was
detected in the fractions. The organic matter contained by
sewage sludge acts in soils both as a source of Cu but also
as a major adsorbent for this metal; thus, the extraction and
consequently the mobility of Cu was mainly controlled by
organic matter (Planquart et al. 1999).
The main contribution of sludge to the partitioning of Pb
was in the H2O2/HNO3 fraction (Fig. 5), as a consequence
of both the association of Pb with that fraction in sludge
(70.6%) (Fig. 1), and the non existence of a redistribution of
this metal. In Lh, Cx1 and Px soils increases were statisti-
cally significant (P < 0.05) for doses more than 160 t ha–1;
but in Lh soil they were significant only in NH2OH.HCl
fraction and for the maximum dose of 320 t ha–1. Nickel and
Fig. 3. Fractionation of
Zn in the soils amended
with sewage sludge (0,
80, 160 and 320 t ha–1).
The results are the aver-
age concentration of three
replicates and include the
standard deviation. (Ex,
exchangeable; Cr, car-
bonates; Ox, Fe and Mn
oxides; Om, organic mat-
ter; Rs, residual).
Ca
n.
 J.
 S
oi
l. 
Sc
i. 
D
ow
nl
oa
de
d 
fro
m
 p
ub
s.a
ic
.c
a 
by
 U
N
IV
 P
U
BL
IC
A
 D
E 
N
A
V
A
RR
A
 o
n 
01
/2
9/
14
Fo
r p
er
so
na
l u
se
 o
nl
y.
 
MORERA ET AL. — MOBILITY OF HEAVY METALS IN SOILS 411
Cd concentrations extracted in the Tessier partitioning did
not significantly increase with the sewage sludge applica-
tion rates.
Effects of Sewage Sludge Application on Heavy
Metal Extracted by EDTA and DTPA Solutions
Metal concentrations extracted with EDTA and DTPA are
expressed as percentages of the total concentrations to elim-
inate the effect of the different amount of metals in the
sewage sludge, and to be able to screen both chelates for
their ability to extract metals. Table 4 shows that the three
analyzed variables, sewage sludge dose, soil, and metal con-
tributed significantly to the total variance; however, the con-
tribution varied with the extractants. With EDTA (pH, 4.65)
the type of soil contributed to the total variance more than
the metal type or sludge rate. The differences in the carbon-
ate contents of soils (Table 1) would explain that the soils
was the variable with the largest contribution to the total
variance for EDTA extraction (Batley 1987; Singh et al.
1996). On the other hand, the extraction with DTPA (pH,
7.30), prepared to avoid soil carbonate dissolution (Lindsay
and Norwell 1978), was more sensitive to metal type.
The mean percentages extracted with EDTA and DTPA
for the different sludge doses are shown in Table 5. Each
result is the average value obtained by a given metal in the
four soils (metal subgroup) or by a given soil in the five met-
als (soil subgroup). The average percentages of Cd, Cu, Ni,
Pb and Zn extracted with EDTA were approximately
between 3 and 9 times larger than those obtained by DTPA,
probably due to the higher concentration and lower pH of
EDTA dissolution. In control soils (0 t ha–1), both extrac-
tants removed more Pb and Cu than Cd, Ni or Zn.
For all metals and soils, the percentages extracted
increased with sewage sludge rates (Table 5). For both
extractants, the largest increases corresponded to Zn fol-
lowed by Pb. For Cd, Cu and Ni the difference between the
percentages extracted at the highest rate and the control was
below 2.6%. Zinc was the metal with the largest concentra-
tion in the sewage sludge and it was also present in more
mobile fractions than Pb and Cu (Fig. 1). Despite Cu con-
centration in sludge was 1.6 times larger than that of Pb, the
smaller increase in the percentage of extracted Cu reflected
that Cu formed more stable complexes with sludge’s organ-
ic matter than Pb. The average percentages of Cd and Ni
extracted with EDTA and DTPA increased slightly with
increasing sewage sludge rates; this increment was not
observed in the Tessier sequential partitioning.
Consequently, both chelates seemed to be more effective to
assess the mobility of metals added with the sludges at low
concentrations than the Tessier’s chemical partitioning.
The effectiveness of EDTA and DTPA to remove metals
varied with soils. The average percentages extracted were
lower in the acidic soil (Lh) than in calcareous soils
(Table 5), probably because the complexing capacity of
Fig. 4. Fractionation of Cu in
the soils amended with
sewage sludge (0, 80, 160
and 320 t ha–1). The results
are the average concentra-
tion of three replicates and
include the standard devia-
tion. (Ex, exchangeable; Cr,
carbonates; Ox, Fe and Mn
oxides; Om, organic matter;
Rs, residual).
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EDTA and DTPA is not favoured at acidic pH (Harris
1992). In all soils, average percentages extracted increased
with sludge doses. The squared correlation coefficients for
the EDTA extraction ranged from 0.97 for Cx2 to 0.70 for
Px; and for the DTPA extraction, the coefficients varied
between 0.97 for Lh soil and 0.64 for Cx1. The soil with the
largest percentage of carbonates (Px) showed the smallest
increment in the metal extracted with increasing sludge
Table 5. Mean percentages of metals extracted with EDTA and DTPA
for different sludge doses
Applied sewage sludge
0.0 80.0 160.0 320.0
(t ha–1)
EDTA
Metalsz Cd 15.4 16.1 16.5 16.9
Cu 18.2 18.7 19.3 20.7
Ni 6.3 6.6 6.9 7.4
Pb 24.7 25.5 27.7 29.4
Zn 5.3 11.7 17.8 26.7
Soilsy Lh 5.9 9.3 10.8 12.3
Cx1 9.5 10.6 14.1 16.6
Cx2 21.4 23.5 26.7 29.5
Px 19.2 19.5 18.9 22.5
DTPA
Metalsz Cd 1.9 2.4 2.4 2.8
Cu 7.1 7.2 7.7 7.5
Ni 0.7 0.8 1.1 1.4
Pb 5.2 5.6 6.7 6.8
Zn 1.7 4.2 6.4 9.1
Soilsy Lh 2.0 3.5 3.9 5.8
Cx1 3.2 4.1 4.9 4.7
Cx2 3.3 3.7 4.5 5.5
Px 4.8 4.9 6.3 6.1
zAverage percentages extracted including all soils.
yAverage percentages extracted including all metals.
Table 4. ANOVA multifactorial on the percentages of Cd, Cu, Ni, Pb
and Zn extracted with EDTA and DTPA in the soils (Lh, Cx1, Cx2 and
Px) spiked with different doses of sewage sludge (0, 80, 160 and 
320 t ha–1)
Sum of Degrees of Mean Probability 
squares freedom square F level
EDTA
Soil 9 069 3 3 023 498 0.000
Metal 10 007 4 2 501 412 0.000
Sewage sludge 1 292 3 431 71 0.000
doses
Total 20 368 10 2 037 335 0.000
DTPA
Soil 99 3 33 47 0.000
Metal 1 351 4 338 484 0.000
Sewage sludge 168 3 56 80 0.000
doses
Total 1 618 10 162 232 0.000
Fig. 5. Fractionation of Pb in
the soils amended with
sewage sludge (0, 80, 160
and 320 t ha–1). The results
are the average concentra-
tion of three replicates and
include the standard devia-
tion. (Ex, exchangeable; Cr,
carbonates; Ox, Fe and Mn
oxides; Om, organic matter;
Rs, residual).
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doses, and was largely attributable to buffering soil pH in
basic soils (McBride 1995).
To sum up, the Tessier partitioning of Cd, Cu, Ni, Pb and
Zn in the sewage sludge reflected the predominance of the
NH2OH.HCl and H2O2/HNO3 extracted metals. Soil
amendment with sewage sludge increased the total concen-
tration of Cu, Pb and Zn. There were no significant differ-
ences in the total concentration of Ni and Cd after the
addition of sludge. The rise mirrored the sludge metallic
content and the applied doses. A positive correlation was
detected between a higher sludge application rate and the
overall mean percentage of metals extracted in non residual
fractions. In the acidic soil, exchangeable Zn was detected
in all soil-sludge mixtures; in calcareous soils, immobilisa-
tion of exchangeable Zn from sludge took place. Extraction
with EDTA was more sensitive to soil type, whereas extrac-
tion with DTPA showed wider variation with metals. Both
chelates seemed to be more effective to assess the mobility
of metals added with the sludges at low concentrations than
the Tessier’s chemical partitioning. The Tessier procedure,
much more laborious than selective extractions, showed sig-
nificant differences only in the extractions with
NH2OH.HCl and H2O2/HNO3.
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